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ABSTRACT 
A series of barotropic modeling experiments are used to examine the mo!ion of a vortex in t~e. vicinity of 
an idealized subtropical ridge. The vortex propagation is highly corr~lated with the absolute vort1c1ty gradient 
in the initial imposed environment. The signal is degraded when radial b~nd averages are use~ t_o calculate_ the 
environmental advection and absolute vorticity gradient components. It 1s shown here that th_1s 1s due part1all_y 
to the difficulties in separating the cyclone from its environment. Application ~f the modelmg results to ch-
matological mean fields indicates that considerable variations in vortex propagation can occur. 
1. Introduction 
The motion of single barotropic vortices has been 
extensively investigated in the meteorological and 
oceanographic literature ( for example, the reviews in 
Flierl et al. 1983 and in Fiorino and Elsberry 1989). 
These studies indicate that a monopole, cyclonic vortex 
on a beta-plane will experience Rossby-mode disper-
sion that generates a cyclonic gyre to the west and an 
anticyclonic gyre to the east ( Anthes 1982; Holland 
1983). The gyres are further distorted by the prim~ry 
vortex circulation ( Fiorino and Elsberry 1989) with 
the result that they advect the cyclone core polewards 
and westward. After about one pendulum day the 
complex settles down to a reasonably steady self-in-
duced motion or propagation. Except in special cir-
cumstances, energy is lost from the system by radiating 
Rossby waves (Flierl et al. 1983; Shapiro and Ooyama 
1990), and instabilities may cause small-scale oscilla-
tions of the cyclone center (Willoughby 1988). 
Much of the oceanographic literature has concen-
trated on various types of isolated vortices, 1 based on 
1 We define an isolated vortex following Flierl et al. ( 1983) as one 
that has zero integrated relative angular momentum over a finite 
domain. Long Rossby waves cannot radiate from such vortices, which 
therefore have no far field effects. They also do not require boundary 
pressure fields to balance a net Coriolis acceleration. 
Corresponding author address: Dr. Jenni L. Evans, CSIRO D!v, 
of Atmos. Res., Private Bag No. I, Mordialloc, Vic., 3195, Austraha. 
© 1991 American Meteorological Society 
observations that most vortices of interest, such as Gulf 
Stream rings, are isolated from significant oceanic flow 
effects and are extremely long-lived. The family of sol-
itary eddy solutions (SES), modons: etc., belon~ to 
this class. The relationship between isolated vortices 
and tropical cyclones has not been adequately inves-
tigated. Although tropical cyclones are distinct phe-
nomena, they are embedded in environmental ~ows 
that have a rich and variable structure. The env1ron-
ment can have a significant impact on barotropic vortex 
motion, which has been demonstrated by DeMaria 
( 1985) and De Maria and Chan ( 1984). . 
Of considerable forecasting importance are the m-
teractions that occur between a tropical cyclone and 
the subtropical ridge. Understanding these interactions 
is fundamental to the question of whether a cyclone 
will recurve or continue on a westward track. For this 
reason, hypotheses for such interactions form an im-
portant component of the 1990 Tropical Cyclone Mo-
tion Experiment in the western North Pacific ( Elsberry 
1988). 
The objective of this study is to investigate the baro-
tropic processes that occur between a tropical cyclone 
and subtropical ridge using a shallow-water model on 
a beta-plane. A barotropic vortex with radial structure 
characteristic of tropical cyclones in the Australian 
Region ( Holland 1980) is initialized at a variety of 
positions relative to an idealized subtropical rid~e an? 
monsoon trough. The subsequent vortex motion 1s 
compared to the motion of the same vortex initialized 
with no environmental flow and to the work of 
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DeMaria ( 1985). The propagation of the model vortex 
is then compared to absolute vorticity gradient vectors 
obtained from a variety of methods. The reliability of 
these different techniques is discussed and a set of 
regression relations developed from the model vortex 
motion are applied to climatological mean fields to 
indicate the degree of variability in cyclone propagation 










TABLE I. The symbols used in the text, and their values 
are as follows: 
total fluid depth 
mean fluid depth 
gravitational acceleration 
Coriolis force - fo + {3(y + 20°) 
f evaluated at 20°S 
dfldy evaluated at 20°S 
height deficit over vortex centre 
size parameter = rm l/b 
h (x, y) 
5000m 
9.81 m s- 1 
-5.0 X 10-5 s- 1 
2.2 X 10- 11 m- 1 s- 1 
500m 
A shallow-water equations model is integrated on a ' 
Ym 
radius 




1.5 Southern Hemispheric beta-plane centered at 20°S. b 
Spatial differencing is by the mean enstrophy and mean v 
kinetic energy conserving scheme of Arakawa and Vm 
Lamb ( 1981 ), which uses the flux form of the shallow- h, 
water equations on an Arakawa C-grid. Miller and 
Pearce ( 1974) time stepping is used. ho 
maximum tangential wind 
perturbation height due to 
trough/ridge 






52 m s- 1 
h,(y) 
50m 
The mean depth, H, of the fluid is taken to be 5 km. w 
Scale analysis of the governing equations ( see, e.g., vE 
Shapiro and Ooyama 1990) shows that the divergence vN 
4.452 X l0 6 m 
terms are small for a fluid of this depth. --------------------
Cyclic boundaries are prescribed to the east and west, 
as are inviscid walls to the north and south. The model 
domain is 4445 km X 4445 km with 22 km grid res-
olution. The resolution effects were tested in two 11 
km resolution experiments and no significant differ-
ences were observed in the model's evolution to 48 h. 
The model is initialized with Holland's ( 1980) vortex 
in gradient wind balance on a beta-plane: 
h = H - he( 1 - e-a/rh) 
V = (gabhce-a/rh/rb - ,2j2/4)1;2 - rf/2 
(l) 
where the symbols and their appropriate values are de-
fined in Table 1 and the symmetric azimuthal wind 
profile is shown in Fig. 1. This formulation uses an 
initially symmetric height (pressure) field and an 
asymmetric wind field to maintain gradient balance 
on the beta-plane. This agrees with observations (Frank 
1977; Holland 1984b) that the pressure fields generally 
are more symmetric than the wind fields in storms. 
The wind and height perturbations are decreased lin-
early to zero between 1500 and 1800 km radius from 
the vortex center. 
This vortex does not have zero net relative angular 
momentum and thus is not isolated as defined by Flierl 
et al. ( 1983), but has the capacity to radiate energy in 
the form of long Rossby waves. The profile also has a 
change in the relative vorticity gradient near the radius 
of maximum winds that introduces the necessary con-
ditions for barotropic instability. This concurs with ac-
tual cyclone profiles ( Holland 1980) and may be re-
sponsible for the growth of barotropically unstable 
waves near the maximum wind belt. Short period os-
cillations of the center that are observed in the model 
integrations could arise from this instability. Since we 
are interested primarily in the longer term motion and 
the environmental interactions these oscillations are 
smoothed by use of a 5 point running mean of the 
3-h positions, with fixed positions at t = 0 h and 72 h. 
The environment is introduced in the form of an 
idealized monsoon trough-subtropical ridge. This sys-
tem has no zonal variation, is sinusoidal in the merid-
ional direction, and is in geostrophic balance. Here 
h1 = (fholfo) sin(21ry/W) 
+ (f3hoW)/(21rfo) cos(21ry/W) 
VE= -(hgh 0 )/(foW) cos(21ry/W) 
(2) 
The symbols and their values are described in Ta-
ble 1. 
Four experiments are discussed. The first (SVORT) 
is an experiment with a single vortex, defined by ( 1 ) , 
initially located at 20°S with no superposed environ-
ment. This provides a benchmark to define the effects 
of the superposed environment. The other three ex-
periments examine the effects of the idealized ridge-
trough environment by starting with a vortex located 
in the monsoon trough (INMTR), equatorward of the 
subtropical ridge ( EQSTR) and poleward of the sub-
tropical ridge (POLSTR). The EQSTR and POLSTR 
environments are similar to the nondivergent experi-
ments A and B in DeMaria (1985, Fig. 4), although 
the models and initial vortices used are different. 
In these experiments, the initial vortex and environ-
mental fields are linearly superposed. Okamura's dy-
namic initialization procedure ( Satomura 1988) then 
is used to establish a balanced state before integration 















o. 500. l000. 
RADIUS (km > 
FIG. I. Radial profile of the azimuthal wind for the Holland 
( 1980) initial vortex. There is no initial radial wind. 
1500. 
is commenced. To remove the effects of different Co-
riolis accelerations, the vortex is located initially at the 
center of the domain at 20°S for all experiments and 
the environment is adjusted accordingly. For example, 
Eq. (2) defines the environment for the EQSTR ex-
periment, a 180° phase shift provides the environment 
for POLSTR, and so on. Scaled meridional profiles of 
environmental wind, relative vorticity, and relative 
vorticity gradient for EQSTR, INMTR, and POLSTR 
are shown in Fig. 2, and the initial height field for the 
EQSTR experiment is shown in Fig. 3. 
3. Results from modeling studies 
a. Track variations 
The 72-h track of the single vortex is shown in Fig. 
4, with positions indicated every 12 h. The familiar 
poleward and westward propagation occurs with the 
vortex attaining a maximum speed of 5.4 m s- 1 at 60 
h. Although this propagation speed is at the upper end 
of the observations ( Holland 1984a), it is consistent 
with the large vortex specified here. A pair of counter-
rotating gyres develop during the model integration, 
with an anticyclone located east-southeast of the vortex 
center and a cyclone to the west-northwest. These 
"beta-gyres" have developed in response to the differ-
ential advection of earth vorticity by the initially sym-
metric vortex and are responsible for the majority of 
the cyclone propagation (Anthes 1982; Fiorino and 
Elsberry 1989). 
Tracks for the experiments with the vortex in the 
monsoon trough and equatorward and poleward of the 
subtropical ridge to 72 hare contained in Fig. 5. Com-
pared to the single vortex (SVORT) track: the motion 
of the vortex initially in the monsoon trough (INMTR) 
is similar but is slightly less poleward and more west-
ward; the vortex equatorward of the ridge (EQSTR) 
moves much farther westward and considerably less 
poleward; and the vortex located poleward of the ridge 
(POLSTR) moves more poleward and eastward. 
The varying zonal displacements in Fig. 5 are pri-
marily due to differential advection of the vortex by 
the wind fields in the trough-ridge environment. The 
remainder of this zonal motion variation and all of the 
meridional motion changes are due to nonlinear in-
teractions between the vortex and its environment. 
For the purposes of this discussion, propagation is 
defined as the difference between the motion of the 
storm and the initially prescribed environmental ad-
vection at the center position. The absolute vorticity 
gradient affecting the storm also is taken from the initial 
environment at the cyclone's current position. That is, 
the environment is assumed to remain unchanged 
during the time over which these propagation effects 
are considered and all changes are partitioned into the 
tropical cyclone. This is obviously an oversimplification 
of the physics, but, as shall be shown, it provides some 
insight into the relationships between the vortex prop-
agation and the environment in which it is embedded. 
A complete discussion of the usefulness and effects of 
various partitioning methods is contained in Evans 
( 1990). Specific differences between this definition and 
that used in real situations, in which advection is de-
fined by the mean flow in an annulus surrounding the 
cyclone ( Elsberry 1988), are discussed in section 4a. 
The vortex propagation using the above definition 
is shown in Fig. 6. These tracks were constructed by 
removing the advective component for each 6-h seg-
ment of the actual track for the EQSTR, POLSTR, 
and INMTR experiments, allowing direct comparison 
with the propagation of the single vortex (SVORT). 
Notice that the vortex equatorward of the subtropical 
ridge ( EQSTR) started propagating eastward, but the 
propagation gradually became more westward and 
poleward throughout the integration. In contrast, the 
vortex poleward of the ridge propagated much more 
rapidly early in the integration, but then slowed as it 
moved towards the trough. The vortex in the monsoon 
trough was propagating initially much like the single 
vortex. As the vortex moved away from the monsoon 
trough, this propagation became progressively less 
poleward and westward relative to that for the single 
vortex. 
The physical mechanism linking these propagation 
variations arises from the gradient of environmental 
absolute vorticity. On the equatorward side of the ridge, 
the relative vorticity gradient opposes the earth vorticity 
gradient, leading to a reduced propagation. On the 
poleward side, stronger propagation occurs as the two 
gradients reinforce each other. Because the relative 
vorticity gradient is very small in the monsoon trough, 
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the vortex motion in this case should initially be similar 
to the single vortex case, as is indicated in Fig. 6. 
DeMaria ( 1985) placed vortices equatorward and 
poleward of a ridge in his barotropic, nondivergent 
spectral model and compared the motion of these vor-
tices on bothf and beta-planes. He found that a vortex 
on a beta-plane moved further poleward and westward 
than for the same conditions on anfplane. From this 
result he deduced ( in agreement with DeMaria and 
Chan 1984; Kasahara and Platzman 1963) that the 
vortex propagation was proportional to the environ-
mental absolute vorticity gradient. The results pre-
sented here further confirm this hypothesis. An inves-
tigation of the nature of this relationship follows in 































FIG. 2. Meridional profiles of the initial environmental fields for 
(a) EQSTR, (b} INMTR, and (c) POLSTR. The relative vorticity 
and its gradient fields are scaled by IO times their planetary equivalent . 
b. Medium-term propagation 
The environment is assumed to remain static over 
the time period being considered. Because of the scales 
involved in the experiments presented here, this is a 
reasonable assumption out to 48-h. Since the model 
vortex also experiences an initial 24-h adjustment pe-
riod ( Fiorino and Elsberry 1989) during which it de-
velops vortex-scale asymmetries, this discussion will 
consider only motion over 24-48 h. The relationship 
between the mean motion and environmental vorticity 
gradients, averaged over 27-48 h, is shown in Fig. 7. 
The + symbols denote meridional propagation, and 
the small squares denote zonal propagation for each 
of the four experiments discussed here and an addi-
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FIG. 3. Initial height perturbation field ( contour intervals of 30 
m) for EQSTR experiment. Negative perturbations ( low heights) are 
dashed. The entire 4445 km X 4445 km domain is shown and the 
tick marks on the axes indicate the model resolution. 
tional quiescentfplane result. Since there was initially 
no zonal structure in the environment, the only vor-
ticity gradient is in the meridional direction. Notice 
the remarkably linear relationship in which larger ab-
solute vorticity gradients produced increased poleward 
and westward propagation. Linear correlation coeffi-
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FIG. 4. Track of the single vortex (SVORT) to 72 h with positions 
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LONGITUDE 
FIG. 5. Tracks over 72 h for the EQSTR, INMTR, SVORT, and 
POLSTR experiments. Positions are marked at 12-h intervals. Notice 
that the longitudinal scale is compressed by a factor of five relative 
to the latitudinal scale. · 
for this zonal and meridional propagation data were 
obtained. Since the four experiments considered here 
cover an order of magnitude variation in the initial 
absolute vorticity gradient of the vortex, this linear 
tendency seems to apply across the possible parameter 
regime. 
The relationship weakens with time as the environ-
ment is modified by nonlinear interactions with the 
vortex. When averaged over the 27-72-h period (i.e., 
including the later 51- 72-h times), the correlations 
dropped to -0.88 (95% significant) and -0.55. This 
relatively slow decrease does indicate, however, that 
the environment evolves relatively slowly. 
In addition to the changes in the environment that 
may have taken place over the intervening time, the 
vortex also may have been modified by the environ-
mental wind shear and by the nonlinear interactions 
such that the extent and shape of the cyclonic circu-
lation may have been changed. Details of the structure 
changes occurring in each vortex during motion are 
considered in the next section. 
c. Detailed evolution of vortex propagation 
The four model experiments presented here consider 
a vortex in very different environments. It is useful to 
consider each experiment in more detail to determine 






















FIG. 6. 72-h propagation of the vortices in Fig. 5 after removing 
. the advection associated with the original zonal flow. 
both how well the linear relationship between the vortex 
propagation and the absolute vorticity gradient applies 
in each case and what the limiting factors to the vortex 
motion are in each case. 
To better show the relationship between the vorticity 
gradients and the propagation components in the fol-
lowing case studies, the range of the axes vary signifi-
cantly from the scales in Fig. 7. 
1) SVORT 
The single vortex propagation is the easiest to ex-
amine, since there are no possible interactions between 
the vortex and earth vorticity gradient. After an initial 
adjustment period of around 24 h, the vortex settled 
into a reasonably steady propagation that was largely 
independent of the background vorticity component. 
It is suggested that this result is due to the changing 
structure of the vortex as it moves poleward and con-
serves absolute angular momentum. As shown in Fig. 
8, a substantial reduction of cyclonic winds occurred 
during the integration period. The flow at 600-km ra-
dius has decreased by around 6 m s- 1, and anticyclonic 
circulation has developed beyond 1200 km. These 
changes are close to those that would be expected from 
conservation of angular momentum in the poleward 
moving vortex. 
As has been shown by DeMaria ( 1985) and by Fior-
ino and Elsberry ( 1989) the propagation of a vortex is 
very sensitive to changes in outer region structure. In 
particular, a few meters per second decrease in outer 
circulation can lead to a substantial reduction in prop-
agation speed. The changed slope in Fig. 8 is consistent 
with an application of these findings to our experi-
ments. Thus it seems that the quasi-steady state vortex 
propagation resulted from a balance of acceleration 
due to poleward movement into regions of higher vor-
ticity and a deceleration due to the decreasing outer 
circulation resulting from angular momentum conser-
vation. 
2) POLSTR 
The evolving relationship between propagation and 
absolute vorticity gradient of the environment for the 
vortex located poleward of the subtropical ridge is 
shown in Fig. 9. A strong linear relationship is observed, 
with correlation coefficients of -0.98 and -0.92 for 
zonal and meridional propagation respectively (both 
significant at the 9 5% level). 
The slopes of the lines in Fig. 9 are much steeper 
than the averaged lines in Fig. 7. However this effect 
cannot be due to changes in vortex structure, since the 
vortex propagated almost as far poleward as the single 
vortex in the initial 48 h (Fig. 6) and experienced a 
similar degree of spindown ( after correction is made 
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VORTICITY GRADIENT 
FIG. 7. The relationship between vortex propagation (m s- 1 ), av-
eraged over 27-48 h, and the meridional absolute vorticity gradient 
of the imposed flow (10- 11 m- 1 s- 1). Small squares are used for 
zonal propagation and + symbols for meridional propagation. 
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ment at the current storm location) to that shown in 
Fig. 8. Thus other mechanisms have counteracted the 
effects of weakening the vortex. The environmental 
structure changes that result are the subject of a separate 
study and will not be addressed here. 
3) EQSTR 
The vortex placed equatorward of the subtropical 
ridge, midway to the idealized monsoonal trough, re-
mained in a nearly zero vorticity gradient throughout 
most of its lifetime. The absolute vorticity varied by 
less than 10% during the 72-h integration and the 
propagation changes by less than 1 m s- 1 during the 
first 48 h. As a result, the evolving relationship between 
propagation and vorticity gradient consists of points 
scattered around the mean value shown in Fig. 7. Be-
cause of the small variation, this scatter is substantially 
effected by minor errors associated with the center 
finding algorithm, etc., and is not discussed further. 
4) INMTR 
As shown in Fig. l 0, only a poor relationship is ob-
served between propagation and vorticity gradients for 
the vortex placed in the monsoon trough. After some 
initial adjustments, both components of motion be-
come quasi-steady and independent of the background 
vorticity gradient. It is suggested that this results from 
a combination of weakened outer circulation as the 
vortex leaves the trough, the effects of the strong me-
ridional shear of wind, and the vorticity gradient across 
the monsoon trough ( Fig. 2b). 
As the vortex moves poleward out of the monsoon 
trough, its outer circulation remains quasi-steady ( after 
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FIG. 8. Radial profiles of the azimuthal winds (m s- 1) for the 
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FIG. 9. The evolving relationship between vortex propagation (m 
s- 1) and environmental vorticity gradient ( 10- 11 m _, s-•) at 3-h 
intervals from 24-72 h for the vortex located polewards of the sub-
tropical ridge (POLSTR). 
However, in this case the partition can mask some of 
the essential physics. The total circulation ( combina-
tion of vortex and monsoon trough) is quite large ini-
tially. Movement out of the trough produces a sub-
stantial reduction in total circulation that is consistent 
with the weakened relationship between propagation 
and vorticity gradients shown in Fig. 10. 
As is discussed in Evans ( 1990), the vortex rotation 
across this strong meridional shear of vorticity gradient 
rapidly produces strong asymmetries that distort both 
the vortex and its original environment. These changes 
substantially weaken the steady-state assumption im-
plicit in this analysis. 
d. Linearity of the relationship 
Under the assumption oflinearity, the components 
of propagation parallel, Vpp, and normal to VPN, the 
direction of the absolute vorticity gradient, may be 
written, 
Vpp = Vcp - VAP = aatal as 
VPN= VCN - VAN= bata/as, 
(3a) 
(3b) 
where (VcP, VcN) is the actual storm motion and (VAP, 
VAN) is the environmental advection contribution. 
The ratio b / a should achieve a constant value if a 
stable linear relationship exists. This ratio is displayed 
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FIG. 10. The evolving relationship between vortex propagation ( m 
s- 1) and environmental vorticity gradient 00- 11 m- 1 s- 1 ), at 3-h 
intervals from 24- 72 h for the vortex in the monsoon trough 
(INMTR). 
in Fig. 11 for all of our experiments. After the initial 
adjustment time, the ratio for SVORT and INMTR 
remains essentially constant. The POLSTR ratio also 
is fairly constant except near 60- 72 h. By this time the 
vortex is within 14 ° of the domain boundaries and it 
may be experiencing boundary effects. Since this vortex 
also is in a westerly wind regime, it could be expected 
to be affected by radiating Rossby waves ( as discussed 
by Shapiro and Ooyama 1990) through the cyclic side 
boundaries more quickly than the other vortices. The 
EQSTR ratio of propagation coefficients undergoes 
large swings and settles down to a constant value only 
very late in the experiment. As noted above, the vortex 
is moving very slowly in a weak vorticity gradient, and 
the early variability is largely due to small errors in the 
center finding algorithm. 
DeMaria ( 1985) explored the motion of a vortex in 
a nondivergent, sinusoidally varying environmental 
field on both f- and beta-planes (Northern Hemi-
sphere). He also examined the motion variations oc-
curring when the same vortex was placed in six different 
starting positions in an exponentially varying wind field 
on a beta-plane. For the sinusoidally varying environ-
ment, three of the vortices settle down to a steady value 
after the initial 24-h spinup time. For the exponential 
environment, two of the vortices show a very good 
linear relationship. The remaining four vortices show 
discontinuities in the time series of the ratio b / a when 
the vortex is in the vicinity of zero absolute vorticity 
gradient in the initial environmental field. They recover 
from this discontinuity in the 12-24-h time frame ex-
pected for the vortex adjustment, again achieving a 
quasi-steady ratio b / a associated with linear propa-
gation. 
The discontinuities are thought to result from con-
sidering discrete vortex positions and propagation at 
the storm center, rather than taking the environment 
as a continuous field. By extension of the beta-gyre 
theory to a vorticity gradient of arbitrary direction, as 
the vortex crosses a region where the absolute vorticity 
gradient changes sign, a reversal of the direction of 
propagation would be expected. As the vortex ap-
proaches this region it will be continuously adjusting 
in response to its changing environment, as it has in 
any other environment. The difference here is that the 
change of propagation across this zero vorticity gradient 
region is more marked than the increase or decrease 
observed in previous cases, involving a slowing of the 
propagation to zero and then a 180° direction change. 
The propagation values are now on the scale of noise 
( e.g., position error) and so accurate determination of 
the relationship is difficult here. 
4. Application of the modeling results to data 
The sensitivity of the model vortex to environmental 
gradients of absolute vorticity supports earlier findings 
by DeMaria ( 1985), DeMaria and Chan ( 1984), and 
Kasahara and Platzman ( 1963). The high correlations 
with the original environmental field for all of the ex-
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TIME (hr) 
FIG. 1 I. Time series of the ratio b / a from Eq. ( 3). A constant 
ratio indicates that the relationship between vortex propagation and 
vorticity gradient is linear. 
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nearly linear. Nonlinear contributions arising from in-
teractions between the vortex and the environment 
seem to be of second order or of importance only in 
special circumstances. If this finding holds for tropical 
cyclones, then it has considerable potential use in op-
erational forecasting. For example, these results would 
suggest that storms in the easterlies would have a 
smaller meridional component of motion than in the 
westerlies. Tropical cyclones do tend to move poleward 
more rapidly after recurvature, although at least part 
of this accelerated motion would be due to stronger 
advection. As will be shown in section 4c, the clima-
tological absolute vorticity gradients in the westerlies 
could support the larger meridional propagation dis-
cussed here. 
The feasibility of applying these results to observa-
tional data will be considered here. In order to obtain 
the best possible results, in section 4a model data are 
used to test the techniques recommended for obser-
vations. The evidence for a propagation-absolute vor-
ticity gradient link in composite data is discussed in 
section 4b, and in section 4c, the ramifications of this 
work on track prediction are considered. 
a. Vortex-environment partitioning 
As shown in section 3, relating the propagation and 
absolute vorticity gradient, defined with respect to the 
initial fields, gives a good linear relationship at short 
times ( up to 48 h). One difficulty with using this ap-
proach is that comparison with observational data is 
virtually impossible since there is no way of defining 
an initial environment. For observations, the alterna-
tive approach of separating the vortex and its environ-
ment must be adopted. 
Fiorino and Elsberry ( 1989) have shown, for their 
nondivergent modeling studies, that the average flow 
in the 0° -1 ° circle agrees closely with the motion of 
the storm for a vortex on a quiescent beta-plane. Since 
their vortices were not embedded in a large-scale en-
vironment, the propagation is due largely to the beta-
gyre advection. For the four model experiments used 
here, the 0° -1 ° averaged flow also provides a good 
estimate of the vortex motion for the subsequent 3-6 
h. Hence, the cyclone motion with a superimposed en-
vironment is closely aligned to the flow across its center. 
Again, lack of resolution in the observational datasets 
makes comparison of the effectiveness of this average 
for motion prediction untenable. 
A number of authors ( e.g., Chan and Gray 1982; 
Elsberry 1988) have recommended taking the average 
wind in a 5 ° - 7 ° radial band centered on the tropical 
cyclone as an effective way of extracting the environ-
mental advection component of the cyclone motion. 
Application of the band averages to observational data 
has the additional complications of sparse, unevenly 
scattered data and the vertical structure associated with 
a baroclinic system. It is therefore of interest to test 
this technique on a well resolved dataset, such as that 
available from these modeling studies. 
The first test of the band averaging procedure was 
to take annular averages at a number of radial bands 
of the wind and vorticity gradient fields for the envi-
ronments shown in Fig. 2. Comparison of these aver-
ages with the actual field values at the central position 
showed exact agreement ( to the accuracy of the num-
bers stored). 
The problems arise when the beta-gyres develop as 
these contribute to the band averages. This was ex-
amined by taking annular averages of the wind and 
absolute vorticity gradient fields over 2° bands from 
I O to 13° from the model data at 12-h intervals begin-
ning at 24 h. Following Elsberry ( 1988), the mean wind 
in a given radial band is referred to as the environ-
mental advection. Propagation is now defined as the 
difference between the storm motion and this radial 
band advection. As the radial band chosen approaches 
the vortex center, one would expect ( e.g., Fiorino and 
Elsberry 1989) the derived advection to approximate 
the motion of the storm more and more. The propa-
gation, defined here as the difference between this ad-
vection and propagation, is no longer meaningful for 
these band averages every close to the storm center. 
The environmental absolute vorticity gradient com-
ponents are defined by the averaged values over the 
same radial band as the advection. 
The band-averaged wind over any of the radial bands 
listed above is not as good a representation of the cy-
clone motion as is that at the initial time. Thus the 
beta-gyres are contaminating both the derived envi-
ronmental flow and the environmental vorticity gra-
dients. Application of these results to forecasting will 
therefore require a more sophisticated method of re-
moving the cyclone and its associated asymmetries. 
Choosing the band average across the gyre centers 
to minimize the beta-gyre aliasing effect ( as recom-
mended by Elsberry 1988) lessens the aliasing problem, 
since there is a minimal contribution to the band av-
erage to the left and right of the storm motion ( where 
the gyre centers are). Correlations of the meridional 
components of absolute vorticity gradient and propa-
gation of -0.46 to -0.56 (significant at the 95% level) 
are detected in the 3°-5°, 5°-7°, and 7°-9° annuli. 
The 9°-11 ° band gives correlations of0.45 and -0.57 
(both 95% significant) between the zonal and merid-
ional components of the absolute vorticity gradient and 
the zonal propagation. A correlation of0.62 (significant 
at the 95% level) for the zonal absolute vorticity gra-
dient versus the meridional propagation is evident in 
the 3°-5° band. These relationships are all substantially 
weaker than those found using the superimposed en-
vironment in section 3. 
Part of the separation problem is the flow through 
component associated with the gyres that extends to 
large distances ahead of and behind the vortex. An 
attempt was made to minimize this effect by taking 
310 JOURNAL OF THE ATMOSPHERIC SCIENCES VoL. 48, No. 2 
-..,. . . . 't 
... ··.... ·'· .. 
,e,_·.. . ..... < ···· .... 







· ... ··: .. 
. . :•:: ·· .... 
... ,.. 
... ... 
. · ... . · .. . - . . 
band-average contributions from the left and right of 
the direction of storm motion only. The averaging re-
gion was centered on the gyres to minimize their con-
tribution to the derived environmental flow. The re-
sulting relationships between propagation and absolute 
vorticity gradients were generally worse than those for 
the full band averages. Inclusion of cyclone-scale, en-
vironmental asymmetries, and uncertainties due to 
data deficiencies could be expected to further degrade 
these relationships, so this technique is not considered 
to be suitable for observational work. 
b. Propagation of composite storms 
FIG. 12. Propagation vectors for composite storms in the western 
North Pacific (from Carr and Elsberry 1989, their Fig. la). 
Carr and Elsberry ( 1989) have extracted a series of 
propagation vectors for composite storms in the west-
ern North Pacific from the previously published da-
tasets of Chan and Gray ( 1982). The propagation vec-
tors have orientations varying from westward to north-
westward. For example, Fig. 12 is from Carr and 
Elsberry ( 1989, Fig. la). The labels LT and GT denote 
composite storms with center positions less than (LT) 
40. 
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FIG. 13. Climatological absolute vorticity gradients for the Australian region ( 40°S to equator) 
in January merged with the western North Pacific region (equator to 40°N) in August. The 
domain extends longitudinally from 100°E to 180°E. The longest vector is equal to 4.68 X 10- 11 
m- 1 s- 1 • 
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and greater than (GT) 20°N. Cases less than anJ 
greater than 20°N in the western North Pacific are as-
sumed to correspond to storms south and north of the 
subtropical ridge (Chan and Gray 1982). The differ-
ence in orientation of these two vectors can be ex-
plained qualitatively using the present model-derived 
relationship between absolute vorticity gradients and 
cyclone propagation. Storms equatorward of the sub-
tropical ridge should experience a reduced northwest-
ward propagation compared to the similar cyclones 
poleward of the subtropical ridge. The sense and rel-
ative magnitudes of the propagation vectors for these 
composite storms, as derived by Carr and Elsberry, 
agree with these qualitative arguments. Furthermore, 
the absolute magnitudes of the propagation vectors are 
within the range proposed by Holland ( 1984a) through 
linear scaling arguments. 
Evidence for the existence of significant (i.e., of the 
order of beta) zonal, as well as meridional, vorticity 
gradients on a climatological scale will be given in the 
next subsection. 
c. Implications for tropical cyclone forecasting 
The strong relationship between vortex propagation 
and gradients in the imposed environmental vorticity 
40. 
field for the numerical experiments implies some po-
tential for using such information in forecasting tropical 
cyclones. As shown in section 4a, there are significant 
difficulties in extracting the cyclone circulation from 
the environment. There also are potential data prob-
lems, difficulties with cyclones of varying sizes, and 
baroclinic effects. Nevertheless, recent successes with 
applications of the linear equations of Holland ( 1983) 
to cyclone forecasting have shown the potential of such 
methods. The major question to be answered is how 
much variation occurs in the propagation vector and 
whether this variation can be separated from the noise 
level inherent in the available analyses. 
The variation in propagation has been estimated by 
the following method. Linear equations were fitted to 
the vorticity gradient-propagation data discussed in 
section 3b to obtain values of a = ±8.8 and b = -9.6. 
The vorticity gradient has been normalized by multi-
plying by 10 10, and the sign of a is positive for the 
Northern Hemisphere and negative for the Southern 
Hemisphere. These regression relations explained 85% 
of the variance of propagation vectors in the model to 
48 h. 
The climatological deep-layer mean ( 850-300 mb), 
DLM, absolute vorticity gradients for a perpetual sum-
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FIG. 14. Potential propagation vectors, diagnosed from Eq. (3) and the absolute vorticity 
gradients in Fig. 14. Maximum vector wind is 6.1 m s- 1 • 
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mer (August in the western North Pacific and January 
in the Australian region) are shown in Fig. 13. A con-
siderable variation exists in the absolute vorticity gra-
dient field in the summer tropics in each hemisphere, 
although the field in the deep tropics lacks substantial 
zonal variations. These gradients are considerably 
smoother and weaker than those that would be ob-
served on any single day, when transient features such 
as other tropical cyclones, midlatitude troughs, and 
tropical upper tropospheric troughs ( TUTTs) may be 
present. 
Fields representing the potential propagation of a 
cyclonic system oflarge radial extent in these environ-
ments are derived by applying the regression Eq. (3) 
to the fields in Fig. 13. The resulting propagation vec-
tors, shown in Fig. 14, have a high degree of spatial 
variability. Large regions of homogeneous vectors are 
interspersed with regions of strong gradients, and the 
propagation approaches zero in places. This implies 
that real tropical cyclones may suffer significant 
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scales and time periods. The climatological OLM ( 850-
300 mb) winds are shown in Fig. 15 and the relative 
contribution to the total cyclone motion is indicated 
by Fig. 16, which contains the total cyclone motion 
field constructed by adding this climatological deep-
layer mean wind field to the propagation vectors. It is 
obvious that significant differential motion effects can 
occur. 
Regression equations ( 3a,b) were derived for a vortex 
of large radial extent in which the radius of the max-
imum wind is 100 km and the circulation extends to 
1800 km. Nevertheless, even with half of the propa-
gation ofEqs. (3a,b), marked gradients in propagation 
characteristics can be expected. These gradients are ex-
pected to be an underestimate of the variations in in-
dividual situations. The effects of evolving, nonlinear 
changes in these regions of sharp gradient are at present 
unknown. Such interactions could produce even 
greater changes, or they could smooth out the effects. 
The potential for accurately forecasting a propaga-
tion field based upon the operational absolute vorticity 
140 150 160 170 180 
LONGITUDE (deg) 
FIG. 15. Deep-layer mean (OLM) wind vectors obtained by pressure-weighted averages of the climatological 
winds in the region shown. Maximum vector wind is 15.7 m s- 1 • 
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Flo. 16. Hypothetical tropical cyclone motion vectors obtained by addition of the climatological 
winds and the propagation fields shown in Figs. I 5 and 16. Maximum vector wind is I 3.3 m s- 1• 
fields analyzed each 12 h will depend upon the accuracy 
to which the second derivatives of the wind analyses 
can be calculated. Design offuture data networks would 
need to take account of these requirements. Fine res-
olution data such as that available from the Australian 
Monsoon Experiment (AMEX) or from the Tropical 
Cyclone Motion Experiment in 1990 may provide ab-
solute vorticity gradients of sufficient quality to test 
such a network design; however, available daily data 
are too poor to enable routine testing of this result. 
5. Conclusions 
The motion of a vortex in the vicinity of an idealized 
subtropical ridge has been examined using a divergent, 
barotropic model. The propagation vector, which is 
defined as the deviation of the storm motion from the 
initially prescribed environmental flow, is a strong 
function of the absolute vorticity gradient in the en-
vironment. Correlation coefficients of -0.95 and -0.84 
(both significant at the 95% level) are found between 
the averaged absolute vorticity gradient and the zonal 
and meridional propagation components over the 24-
48-h period. This result indicates that the vortex motion 
arising from interactions with the gradients of envi-
ronmental vorticity can be approximated closely by a 
linear regression, in agreement with earlier findings by 
Holland (1983). Detailed study of the individual ex-
periments suggests that significant deviations from the 
mean relationship occur. These can be due to varying 
vortex size as it moves polewards or out of a substantial, 
large-scale circulation in the environment. Additional, 
multiple regression approaches will need to be used to 
include the effect of varying vortex shape and size. 
A qualitative agreement is found between the ab-
solute vorticity gradient and propagation vectors di-
agnosed from prior composite datasets by Carr and 
Elsberry ( 1989 ), indicating that this signal is observable 
above the noise levels of the data. However, when the 
observational analysis methods are applied to the nu-
merical model fields, a substantial degradation of the 
original relationship occurs. This may make it ex-
tremely difficult to quantitatively detect this signal in 
observational data. 
Application of a pair of linear regression equations 
derived from the modeling results to climatological 
mean fields in the West Pacific indicated that propa-
gation effects could be a substantial component of the 
total motion. Further, strong gradients in propagation 
are observed to occur over local regions. Substantial 
difficulties may be experienced in trying to forecast 
tropical cyclones over such regions. 
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